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The ability to introduce DNA into mammalian cells has 
provided a powerful means to examine the regulation of gene 
expression and the function of gene products. However, the 
most commonly used techniques for DNA transfection are 
not always suitable for primary cells. Primary human kerati-
nocytes are particularly stringent in their growth require-
ments and are also very refractory to transfection, rendering 
transient gene expression studies difficult. We have investi-
gated the ability of several polycationic lipids to promote 
DNA uptake into human epidermal keratinocytes, as moni-
tored with the bacterial p-galactosidase reporter gene. We 
report that the cationic lipopolyamine dipalmitoyl phospha-
tidylethanolarnine spermine as well as another procedure 
Efficient introduction of expression vectors into eukary-otic cells is an important tool for examining the regula-tion of promoters and function of genes. The most com-monly used techniques for transfection include DNA coprecipitation with calcium phosphate, complex for-
mation with high - molecular-weight polycations, incorporation 
into liposomes, and electroporation. These methods have been used 
extensively for established cell lines but are not always suitable for 
primary cells. Primary human keratinocytes (PHK) can be ex-
panded rapidly in vitro under appropriate culture conditions [1,2], 
and the resulting epithelial sheets can be transplanted onto patients 
with skin wounds [3]. For this reason, PHK have been studied 
intensively for decades. In recent years, PHK have also been used to 
investigate epithelial differentiation ([4,5] and references therein), 
to study the production and regulation of the epitheliotrophic 
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using Polybrene can achieve a 20% to 30% transfection effi-
ciency, superior to any other agent tested on these cells. Gene 
transfer was accomplished by a 3-h exposure of monolayer 
cells to DNA complexes formed with either reagent by sim-
ple mixing in a serum-free medium, followed by a brief os-
motic shock with glycerol. Neither DNA carrier showed any 
toxicity at the effective concentrations nor interfered with 
cell attachment, growth or differentiation. The use of a fully 
biodegradable lipopolyamine as DNA carrier should make it 
possible to extend this transfection method to gene transfer 
for in vivo therapeutic applications. Key words: lipidic cations/ 
lipofection/Polybrene/gene transfer. ] Invest Dermatolt 02:768-
772, 1994 
human papillomaviruses and to identify viral gene functions 
([6-11], S. Cheng, D.-C. Schmidt-Grimminger, T .R. Broker, and 
L.T. Chow, unpublished results). Several laboratories are currently 
investigating the possibility of producing genetically engineered 
keratinocytes to deliver proteins of therapeutic value to graft recipi-
ents [12-14] . 
However, primary human keratinocytes are particularly refrac-
tory to transfection due to their fragility and fastidious requirements 
for growth media. Calcium phosphate-mediated transfection is in-
compatible with propagation of PHK because high concentrations 
of Ca++ ions trigger terminal differentiation [15]. Substitution of 
strontium phosphate for calcium phosphate provides only limited 
benefits with reduced efficiencies [16]. Electroporation, which is an 
effective means to transfect a variety of established cell lines, results 
in transfection of fewer than 0.1 % of the cells (our unpublished 
results). Because of the limited life span ofPHK in culture, selection 
of transfected cells by cotransfection with drug resistance genes is 
not always feasible. Immortalization ofPHK with oncogenes is not 
an option when differentiation in vitro or subsequent grafting in vivo 
is desired. An SV 40-based expression vector for gene transfer has 
been developed [17], but its packaging capacity is very restricted. 
Retrovirus-mediated gene transfer has been used to transduce 
genes into normal keratinocytes of human or canine origin 
([7,9,12,14,18,19], Cheng et ai, unpublished results). However, the 
efficiency is limited by the virus titer, which can vary depending on 
the sequence inserted, and there is a size limit to the foreign genes 
that can be accommodated. Jiang et al [20] compared several of these 
methods of transfection in human epidermal keratinocytes and 
found that Polybrene (hexadimethrine bromide [N ,N ,N' ,N' -tetra-
methyl-1,6-hexanediamine] alternating copolymer with 1,3-
dibromopropane) - mediated transfection followed by a dimethyl-
0022-202X/94/S07.00 Copyright © 1994 by The Society for Investigative Dermatology, Inc. 
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Figure 1. Chemical structure of the lipopolyamines dioctadecylamidoglycylspermine (DOGS) and dipalmitoylphosphatidylethanolamine spermine 
(DPPES). 
sulfoxide shock [21] did not exceed 1 % efficiency but was, never-
theless, far superior to calcium phosphate precipitation and lipofec-
tion. A modified Polybrene transfection protocol has achieved an 
efficiency of 5-15% in PHK [10], and the efficiency was further 
improved in the present study. In addition, we have also examined 
the efficiency of several lipidic polycations to transfect PHK. 
Lipidic polycations, DDAB-PE (dimethyldioctadecylammon-
ium bromide phosphatidylethanolamine), DOGS (dioctadecylami-
doglycyl spermine), or DPPES (dipalmitoyl phosphatidylethanol-
amine spermine) have exhibited a high efficiency of transfection in 
a variety of established cell lines or primary cell cultures [22 - 24] but 
they had not been tested in PHK. DPPES and DOGS (Transfectam) 
are synthetic lipopolyamines in which a spermine head group is 
covalently attached through an amide bond to a lipid moiety (Fig 1). 
We have now investigated the ability of these polycationic lipids to 
promote DNA uptake, as monitored with the Escherichia coli 
p_galactosidase (p-gal) reporter gene expressed from a cytomegalo-
virus immediate early promoter. We found that, similar to the im-
proved Polybrene procedu.re (thi~ study),. D~PES routinely 
achieved a 20 - 30% transfectlOn effiCIency, wluch IS supenor to any 
other agent previously tested. Because of the low toxicity of either 
compound and the simplicity of preparing the transfection mix-
tures, DPPES and Polybrene are effective agents for introducing 
foreign genes into primary human keratinocytes. 
MATERIALS AND METHODS 
Plasmids The plasmid pCMV -p-gal carrying the E. coli p-galactosidase 
gene under the control of the cytomegalovirus promoter and the vector 
plasmid without insertion were provided by Dr. Mark P. Sowden of our 
laboratory. The plasmids were propagated in E. coli HBI0l and purified by 
CsCl-ethidium bromide equilibrium densiry gradient banding. 
Prinlary Human Keratinocytes Epidermal keratinocytes were isolated 
from neonatal human foreskins according to Yuspa and Harris [25], as modi-
fied by Wilson et al [26], and grown in serum-free medium (SFM) (GIBCO) 
supplemented with recombinant epidermal growth factor (EGF) (5 ng/ml) 
and bovine pituitary extract (BPE) (5Ilg/ml) using a feeder layer of lethally 
irradiated mouse NIH3T3 fibroblasts. Keratinocytes from the second to 
fourth passage were used for transfection and were replated without a feeder 
layer in SFM supplemented with EGF and BPE in 12-well Falcon plates at a 
densiry of 50,000 cells per well. DNA transfections were performed 2-3 d 
later, when the cell mono layers reached about 30-40% confluence. 
Transfection Methods The lipopolyamines DPPES and DOGS (Fig 1) 
were synthesized as described by Behr et al [27] . Stock solutions of DPPES 
and DOGS were prepared in 100% ethanol ata concentrationof20 mMand 
kept at -20'C in small aliquots. Before each use , an aliquot was diluted 
tenfold in sterile distilled water. One to ten micrograms of DNA were 
diluted in 375111 unsupplemented F12 medium. For cachllg DNA, 1 to 2111 
of either 2 mM DPPES or 2 mM DOGS were added in 375 jil unsupple-
menred F12 medium. The solutions of DNA and lipopolyamine were then 
mixed together in a polystyrene tube and the DNA-lipopolyamine complex 
allowed to form for 15 min at room temperature. The mixture, in a final 
volume of750 Ill, was then added to one well containing keratinocytes that 
were pre-rinsed twice with unsupplemented F12 medium. The cells were 
exposed to the transfection mixture for 3 h (unless otherwise specified) at 
37'C in a 5% CO2 incubator. After the transfection mixture was removed, 
2 ml of SFM medium supplemented with EGF and BPE and containing 
2 mM sodium butyrate [28) were added to each well. At this concentration, 
sodium butyrate did not affect cell growth or morphology when compared 
to untreated cultures. Sodium butyrate appears not to influence DNA uptake 
but, rather, IS thought to increase transcription by keeping the histones 
acetylated and chromatin in an open configuration [28]. 
Liposomes formed with the neutral phospholipid dioleoyl-L-a-phospha-
tidylethanolamine (Sigma) and the cationic molecule DDAB (Sigma) were 
prepared accordlllg to Rose et af [22] (see also Table I). Transfections were 
performed as described above. Polybrene (Aldrich) was prepared in sterile 
distilled water at a concentration of 3 mg/ml and stored at - 20 ' C in small 
aliquots. Transfection was performed according to Dollard et al [10] with 
minor modifications. Briefly, 2.5 jig of DNA were added to unsupple-
mented F12 medium containing 30 Ilg/ml Polybrene and allowed to stand at 
room temperature for 15 min. The complexes were then added to PHK that 
had been seeded 2 or 3 d earlier in the absence of fibroblast feeders. After 3 h 
in the 5% CO2 incubator, the transfection medium was removed and the 
cells refed with SFM supplemented with EGF + BPE that contained 2 mM 
sodium butyrate. 
With each of the three methods, some wells were subjected to a glycerol 
shock accordl11g to Dollard et al [10), except that the duration of the shock 
was increased from 2 to 4 min. Specifically, the transfection mixture was 
removed after 3 h o~ contact, and 1 ml of a 15% glycerol solution in unsup-
plemented F12 medIUm was added to the well for 4 min at room tempera-
ture. The glycerol solution was removed and the cells refed as described 
above. 
The transfection efficiency was determined after an additional 40 h incu-
Table I. Comparison of Different Methods of Transfection 
in Primary Human Keratinocytes 
Percent Transfection Efficiencyb 
Transfection Condition" 
- Glycerol Shock + Glycerol Shock 
Polybrene 22.5 Ilg 0.7 (0.8) 12.1 (2.8) 
15.6 (3.3) 
24.6 (6 .7) 
Liposome of DDAB-PE 1.5 (1.9) 3.7 (1.8) 
(3 : 10 w : w) 30 Ilg lipid 1.7 (1.7) 5.3 (2.4) 
3.6 (1.9) 7.2 (2.0) 
DOGS 7.5 nmol 0.9 (0.8) Toxic 
3.4 (2.0) 
DPPES 7.5 nmol 6.3 (2.4) 14.1 (2.9) 
11.5 (3.6) 18.8 (4.0) 
16.8 (3.7) 31.0 (6.0) 
• On the second or third day after plating, approximately 2 X 10' human epidermal 
keratinocytes were maintained for 3 h in 750 III of medium containing 2.51lg DNA 
and the indicated amoullt of the transfection carrier agent, as described in Materials arid 
Met/lOds. A 4-min glycerol shock was applied to a subset of the plates. 
b After an additional 40-h period, transfected cells were revealed by staining for 
p-galactosidase activity. The results from three separate experiments using keratino-
cytes from different neollatal foreskins arc presented as mean (±SD) calculated from 10 
defined fields per well. 
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Table II. Kinetics of DNA Transfection by DPPES· 
Time of Contact 
30 min 
1 h 
2h 
3 h 
6h 
Overnight 
Percent Transfected Cellsb 
< 1.0 
4.2 (0.6) 
8.5 (1.2) 
16.8 (0.9) 
14.0 (3.6) 
13.0 (2.1) 
• 2.5 Jlg plasmid carrying the CMV -p.go! expression cassette were mixed with 
7.5 nmol of DPPES in 0.75 ml of medium and then added to PHK in 12-well plates for 
different periods of time. 
' The results of a typical experiment arc presented as mean (±SD) calculated from 10 
defined fields per well. 
bation using the histochemical assay for p-galactosidase described by Sanes 
et al [29). The number of blue cells relative to the total number of cells was 
determined in a field of a defined size. Ten sample counts were taken per 
well, and the mean percentage (± SEM) of blue cells was derived. 
RESULTS 
Comparison of Trans feet ion Methods in Hum.an Epiderm.al 
Keratinoeytes We first compared the transfection efficiencies of 
the Polybrene method [10] and several lipidic polycations in PHK 
under conditions previously described [22,23] . The results revealed 
DPPES as the most efficient transfection mediator among those 
tested, with the percentage of cells expressing p-galactosidase rang-
ing from 6% to 17% (Table I). The other lipidic polycations re-
sulted in transfection efficiencies that never exceeded 4%. To en-
hance uptake through the cell membrane, a 4-min glycerol shock 
was applied 3 h after transfection. The percentage of positive cells 
in the DPPES trans feet ion procedure rose to 14 - 31 %, much higher 
than with the other agents. Figure 2a,b illustrate p-galactosidase 
expression in PHK cultures trans fee ted with DPPES, without or 
with a glycerol shock. The Polybrene transfection efficiency was 
improved to 25% by lengthening the glycerol shock to 4 min in-
stead of 2 min as previously described [10]. The efficiency with 
DDAB-PE also increased up to 7%. No cytotoxicity was observed 
with any of these three agents under the conditions described, and 
the cells continued to proliferate, as did untransfected cells. How-
ever, transfection with DOGS combined with a glycerol shock 
prompted considerable cell death. 
Optim.ization of the Transfeetion Conditions Using 
DPPES Having determined that DPPES is a most efficient agent 
for transfecting DNA into human epidermal keratinocytes, we op-
timized the conditions for this lipidic polycation by studying the 
time and dose dependencies of transfection. 
Kinetic Study: The dependence on contact time is reported in 
T able II. The number of transfected cells increased and reached a 
maximum at 3 h. An overnight exposure of the cells to the transfec-
tion mixture did not improve the transfection efficiency. Rather, we 
observed in some experiments a slight toxicity and an impaired 
ability of the cells to recover and continue growth after transfection. 
The experiments above were performed on attached PHK, but 
they could also be carried out with keratinocytes in suspension prior 
to replating. After enzymatic dispersion, the keratinocytes were 
resus~ended in the transfection medium at a density of 2 X 106 
cells/ml and incubated in a polystyrene tube with gentle shaking at 
37 °C for contact times ranging from 15 min to 180 min before 
replating in the usual culture medium. Forty hours later, staining 
the cultures for p-galactosidase activity revealed that a maximum of 
8% (±0.5%) of the cells had been transfected. This efficien0' was 
reached within 30 min of contact with the DPPES: DNA complex 
before plating. A comparison with Table II shows that this propor-
tion of positive cells was reached by attached keratinocytes only 
after 2 h. When the incubation time was shorter than 2 h, the 
DPPES transfection protocol with keratinocytes in suspension had 
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Table ill. Dose-Effect Relationships of DNA Transfection 
A. At a Constant Ratio DPPES/DNA" 
Percent Transfected Ceils' 
DPPES DNA 
(nmol) (J.lg) - Glycerol Shock + Glycerol Shock 
3.0 1.0 1.0 (0.4) 4.0 (1.2) 
7.5 2.5 12.8 (0.7) 18.1 (1.9) 
15.0 5.0 20.4 (1.5) Toxic 
22.5 7.5 34.0 (6.4) Toxic 
30.0 10.0 Toxic ND' 
B. At a Varied Ratio of DPPES/DNA" 
Percent Transfected Cells 
DPPES DNA 
(nmol) (J.lg) - Glycerol Shock + Glycerol Shock 
7.5 2.5 9.0 (2.1) 16.8 (4.8) 
11.2 2.5 13.6 (3.2) Toxic 
15.0 2.5 14.0 (3.0) Toxic 
C. Upon Dilution with Carrier Plasmid DNN 
Percent Transfected Cells 
CMV-p-gal Carrier 
(ng) (ng) - Glycerol Shock + Glycerol Shock 
50 2450 ND 3.4 (1.8) 
100 2400 ND 3.7 (2.1) 
250 2250 ND 6.3 (1.6) 
500 2000 ND 9.3 (2.5) 
1000 1500 ND 14.0 (1.9) 
• Different amounts of DNA or DPPES were used to tram feet attached PHK using 
the conditions described in the legend to Table I. 
, A constant amount of 7.5 nmoles of DPPES was used. 
'The results arc presented as mean (±SD) calculated from 10 defined fields per well. 
J ND, not done. 
no harmful effect on their attachment and growth in monolayer 
culture, as shown in Fig 2c. 
Dose-Effect Relationship: At a constant ratio of 3 nmol DPPESjllg 
DNA, the level of transfection increased linearly with the input 
DNA concentration, after a threshold level of DNA of 2.51lg per 
1-2 X 105 cells (Table IlIA) . However, the toxicity of the lipopo-
Iyamine limited its usable amount to 22.5 nmol (30 IlM) in the 
absence of glycerol shock. A glycerol shock applied after the trans-
fection doubled the number of transfected cells, but glycerol could 
only be used without damaging the cells with a maximum of 7.5 
nmol (10 IlM) DPPES. Increasing the ratio ofDPPES to DNA from 
3.0 to 4.5 and 6.0 nmolj Ilg DNA slightly improved the transfection 
efficiency, but the higher concentrations of lipopolyamine were 
toxic when used in conjunction with a glycerol shock (Table IIIB). 
Effect of Carrier DNA: We diluted the CMV - p-gal plasmid with 
pTasmid DNA carrying no insertion, keeping the total amount of 
DNA at 2.51lg and DPPES at 7.5 nmol per well. As little as 50 ng of 
CMV -p-gal plasmid reached an efficiency of 3.4% when transfec-
tion was followed by a glycerol shock (Table mc, Fig 2d). The 
efficiency improved with increasing amounts of the reporter gene. 
At 1.0 Ilg of p-gal reporter plasmid in a total amount of 2.51lg 
DNA, there were three times more positive cells than with 1.0 Ilg 
of undiluted reporter plasmid, and the transfection efficiency was 
almost as high as for 2.51lg of pure CMV -p-gal plasmid (Table 
IlIA). 
DISCUSSION 
We have established a reproducible, simple, and efficient method to 
introduce DNA into primary human keratinocytes, which are 
otherwise refractory to most transfection methods, by using a lipo-
polyamine DPPES: DNA complex. The optimal conditions re-
quired a total of 2 to 5 Ilg plasmid DNA mixed with 3 runol 
DPPESjllg DNA in serum-free medium low in divalent cations, 
and exposure to cells for 3 h at 37°C. The density of the keratino-
cyte culture appeared not very critical, as cultures at 30-40% or 
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Figure 2. p-gal staining of primary human keratinocytes. PHK layers were transfected for 3 h with DPPES/ CMV -p-gal plasmid (7.5 nmolj2.5lJ.g DNA) 
w ithout (a) or with (b) a 4-min glycerol shock. In c, keratinocytes were transfected in suspension with DPPES/CMV -p-gal plasmid (7.5 nmolj2.5lJ.g DNA) 
for 30 min before plating. In d, 50 ng CMV -p-gal plasmid were diluted with 2.451J.g carner vector DNA without a p-gal insertion and transfected into 
attached PHK with 7.5 nmol DPPES; after 3 h of contact with the transfection mixture, the cells were given a glycerol shock for 4 min. Scale bars, 100 IJ.m in a 
and band 200 IJ.m in c and d. 
70 - 80% confluence were successfully transfected. Under these 
conditions, 10-15% of PHK were transfected. The efficiency was 
elevated to 30% with increasing amounts of DNA or with a glycerol 
shock that stimulated the uptake ofDPPES: DNA complexes. This 
high efficiency was followed closely by the Polybrene method [10), 
which we further improved to 25% by increasing the duration of 
glycerol shock to 4 min. These efficiencies of transfection in PHK 
are at least 10 to 50 times higher than those obtained with other 
agents except for DDAB-PE, which can reach 7% in our hands. 
The efficiency of transfection with DPPES as assayed by a re-
porter gene may vary with cell type or cell density. For example, the 
CMV -p-gal reporter gene was transfected efficiently into primary 
human dermal fibroblasts from neonatal foreskin (our unpublished 
results). The efficiency was also high in confluent mouse 3T3 fibro-
blasts when the chloramphenicol acetyl transferase gene (CAT) 
driven by the CMV IE promoter was used as a reporter (J.P. Behr, 
unpublished observation). In contrast, only growing L929 cells, a 
mOuse connective tissue cell line with a fibroblast morphology, 
were transfected successfully with the CAT gene expressed from 
the herpes simplex TK promoter linked to four copies of a TPA 
responsive element (J.P. Behr, unpublished observation). It is not 
known whether the differences are caused by variations in DNA 
uptake, endocytosis, transport to the nucleus, promoter activity, or 
combinations of these factors. 
Importantly, a very low amount of plasmid DNA, in the range of 
50 ng, could achieve a respectable transfection efficiency provided 
that carrier DNA was added to a total amount of 2.5 pg DNA per 
plate. A similar effect was noticed for DOGS-mediated transfection 
of a chloramphenicol acetyl transferase expression vector into mouse 
3T3 fibroblasts [30). These observations suggest that most of the 
DNA taken up by the cells may be destroyed by nucleases and that 
cotransfection with carrier plasmid DNA provided protection from 
these nucleases. Although the highest transfection efficiency was 
reached with attached keratinocytes, rather good results were also 
obtained when using PHK in suspension for as short a period as 30 
min. However, the efficiency could not be improved by extending 
the contact period with the transfection medium. 
The transfection method described in this report involved cat-
ionic lipid-coated plasmids. The lipid moiety of DPPES is dipalmi-
toyl phosphatidylethanolamine. This phospholipid has been shown 
to promote membrane fusion and was used by others in the forma -
tion of positively charged liposomes for DNA lipofection [22,31) . 
The positively charged spermine head group confers to the mole-
cule a high affinity for DNA, in the range of10-6 M-t [32). Because 
phosphatidyl ethanolamine and spermine are linked by an amide 
bond, cellular peptidases can cleave the synthetic carrier into two 
biodegradable moities, accounting for its low cytotoxicity. Simple 
mixing of anionic DNA with excess cationic lipopolyamines results 
in the formation of compacted doughnutlike particles coated with a 
cationic lipid bilayer (J. Perron and J.P. Behr, unpublished results). 
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These particles resemble the structures of enveloped viruses, bind 
electrostatically to the cell membrane, and eventually enter the 
cytoplasm by direct fusion or alternatively by spontaneous endocy-
tosis [33]. 
The 20-30% efficiency achieved with either DPPES or Poly-
brene should be sufficient for most transient studies of gene regula-
tion. Neither protocol exhibited ill effects on the viability of PHK 
at the effective concentration, and the cells continued to proliferate. 
In addition, neither protocol affected the ability of the PHK trans-
fected with a control plasmid to differentiate into stratified epithelia 
at the air-medium interface on a dermal equivalent consisting 
of collagen and fibroblasts (i.e., using collagen raft cultures) 
[4,26,34,35] over a period of 3 weeks, when compared to control, 
untransfected PHK (data not shown). We propose that both trans-
fection methods may also be suitable for developing epithelia via the 
collagen raft culture technique from PHK transduced with desired 
expression vectors for grafting into patients deficient in certain gene 
products. 
In conclusion, DPPES is a highly efficient gene transfer vehicle 
for human primary keratinocytes. It has little or no toxicity at the 
effective concentration and does not interfere with normal physio-
logical processes. The procedure is simple and relatively rapid. The 
use of a fully biodegradable lipopolyamine as DNA carrier should 
make it possible to extend the method to gene transfer and thera-
peutic application in vivo. 
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